sCMOS noise-correction algorithm for microscopy images
To the Editor: Scientific complementary metal-oxide semiconductor (sCMOS) cameras are rapidly gaining popularity in the biological sciences. The sCMOS sensor provides significant advances in imaging speed, sensitivity and field of view over traditional detectors such as charge-coupled devices (CCD) or electron-multiplying CCDs (EMCCD) 1, 2 . However, this sensor introduces pixel-dependent noise; each pixel has its own noise statistics-primarily offset, gain and variance. Left uncorrected, this sCMOS-specific noise generates imaging artifacts and biases in quantification 3 . A suite of algorithms was developed to characterize this noise in each pixel and incorporate the noise statistics in the likelihood function for single-molecule localization 3 . However, these algorithms work exclusively on images with point objects such as in single-particle tracking or single-molecule-switching nanoscopy. No general algorithm that works on conventional microscopy images exists. We developed such an algorithm that dramatically reduces sCMOS noise from microscopy images with arbitrary structures. We show that our new method corrects pixel-dependent noise in fluorescence microscopy using an sCMOS sensor, and this allows the sensor's performance to approach that of an ideal camera.
The fundamental challenge for sCMOS noise correction is the estimation of one of the two variables (with the sum of the variables known); each pixel from an sCMOS camera gives a digital count representing the sum of two variables given by photoelectrons and readout noise, which we consider to follow Poisson and Gaussian distributions, respectively 3 . In the case of detecting point emitters, our extra knowledge is that the photoelectrons form a diffraction-limited spot modeled, for example, as a Gaussian function. Therefore, in spite of the pixel-dependent noise, we demonstrated that the sCMOS-specific maximum-likelihood estimator extracts molecular centers with precision at the theoretical limit 3 . With arbitrary structures, however, the assumption of single emitters is lost.
To develop a generalized noise-correction algorithm, we exploited the common property of microscopy images, the optical transfer function (OTF). The amplitude of the OTF, defined by the microscope's numerical aperture and the wavelength of detection, dictates the frequency-response limit of a microscope system 4, 5 . Optical signal from the sample exists only within the frequency limit, while only the contribution from noise lies outside of this limit (Fig. 1a and Supplementary Notes 1-5). Assuming independent readout noise, we focus on minimizing the noise contribution while maximizing the likelihood of our image estimate to recover the underlying signal buried under the readout noise (Fig. 1, Supplementary  Fig. 1 and Supplementary Notes 6-8). To this end, we first extract the noise contribution of an image in Fourier space outside or near the theoretical OTF periphery, a conservative estimate of the effective cutoff frequency of a practical system (Supplementary Note 9). Then, based on the sCMOS noise model-including the pixeldependent offset, gain and variance (see Supplementary Note 10 for sensors with multiple readout units per pixel)-we calculate the likelihood function for the entire image. By minimizing the sum of the noise contribution in Fourier space and the negative log likelihood, we obtain the noise-corrected image ( Fig. 1b and Supplementary Fig. 1 ). We find that the pixel-dependent noise is, to a large extent, undetectable in the recovered image (Fig. 1b- Notes 12-14) . To demonstrate the correction over the entire field of view, we calculated the temporal fluctuation of individual pixels from a time series. We noticed that the high-readout noise pixels, the hallmark feature of sCMOS images, are absent throughout the entire field of view (Fig. 1c,d and Supplementary Figs. 2, 3 and 6) .
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Experimental design 1. Sample size
Describe how sample size was determined. The sample size was selected so that the images on the camera fits in a camera region that was calibrated for gain and offset.
Data exclusions
Describe any data exclusions.
No data was excluded from this study
Replication
Describe whether the experimental findings were reliably reproduced.
All replication attempts were successful
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
In this study, there is no allocation of samples into groups.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Describe the software used to analyze the data in this study.
NCS software package. The software is compressed as a zip file. It includes scripts and functions written in MATLAB for NCS demo on simulated and experimental data. A pdf file describing the usage of the software is also included.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
No unique material used in the study
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species). 
Description of research animals
Provide details on animals and/or animal-derived materials used in the study.
Primary bag cell neuronal cultures were used. Neurons were derived from adult Aplysia.
Policy information about studies involving human research participants
Description of human research participants
Describe the covariate-relevant population characteristics of the human research participants.
not applicable
